Abstract Pollutants via run-off into the ocean represent a potential threat to marine organisms, especially bivalves such as oysters living in coastal environments. These organisms filter large volumes of seawater and may accumulate contaminants within their tissues. Pesticide contamination in water could have a direct or indirect toxic action on tissues or cells and could induce alteration of immune system. Bivalve immunity is mainly supported by hemocytes and participates directly by phagocytosis to eliminate pathogens. Some studies have shown that pesticides can reduce immune defences and/ or modify genomes in vertebrates and invertebrates. Metaldehyde is used to kill slugs, snails and other terrestrial gastropods. Although metaldehyde has been detected in surface waters, its effects on marine bivalves including the Pacific oyster, Crassostrea gigas, have never been studied. Given the mode of action of this molecule and its targets (molluscs), it could be potentially more toxic to oysters than other pesticides (herbicides, fungicides, insecticides, etc.). Effects of metaldehyde on oyster hemocyte parameters were thus monitored through in vivo experiments based on a short-term exposure. In this work, metaldehyde at 0.1 μg/L, which corresponds to an average concentration detected in the environment, modulated hemocyte activities of Pacific oysters after an in vivo short-term contact. Individuals belonging to two families showed different behaviours for some hemocyte activities after contamination by metaldehyde. These results suggested that effects of pollutants on oysters may differ from an individual to another in relation to genetic diversity. Finally, it appears essential to take an interest in the effects of metaldehyde on a wide variety of aquatic invertebrates including those that have a significant economic impact.
Introduction
Coastal areas represent constantly changing environments and often are populated by abundant living communities. The relationship between river flow, inputs of organic matter and nutrients and estuarine primary production is well known. The importance of pollution of these areas by various toxic compounds has been proved (His et al. 1999; Jacquet et al. 2012) . France is one of the first European users of pesticides for agriculture purposes, and many of these molecules are found in the French coastal waters. Among the different pesticides found (herbicides, fongicides, insecticides, etc.) during detection campaigns, molluscicides including metaldehyde were also detected in surface waters (Les pesticides dans les eaux superficielles bretonnes-bilan 2010 du réseau Corpep 2011) . M e t a l d e h y d e ( 2 , 4 , 6 , 8 -t e t r a m e t h y l -1 , 3 , 5 , 7 -tetraoxocanemetacetaldehyde) is an organic compound with the formula (CH3CHO)4. Metaldehyde is used to kill slugs, snails and other terrestrial gastropods. It acts on the mucocytes of the salivary and epidermis glands. It induces lesions of cell membranes and irreversible damages of mitochondria and nuclei (Nielsen 1988) . These actions make it impossible for the gastropods to rehydrate themself. As soon as there is ingestion or contact with metaldehyde, the animal stops feeding. Death occurs in 6 h in dry conditions and 24 h in wet conditions (Nielsen 1988) . Metaldehyde treatment used in slug and snail control in agricultural crops acts by causing irreversible damage to mucous cells of the skin and gut lining, leading to excessive mucus production, destruction of the mucous cells, damage to the absorptive cells of hepatopancreas, and ultimately to death (Triebskorn et al. 1996) . Although metaldehyde is forbidden in biological farming since 2006, it could be detected at concentrations of about 0.1 μg/L in 2010 and 2011 in the aquatic environment (Les pesticides dans les eaux superficielles bretonnes -bilan 2010 du réseau Corpep 2011). Zhang et al. (2011) reported the half-life of metaldehyde in soil was about 4 days, but there is no data about halflife in the water.
While there are many examples of relationships which can exist between pollution and increased susceptibility to infectious diseases in mammals and vertebrates, few work has been done in invertebrates (Gagnaire et al. 2007 ). Mass mortality outbreaks of Pacific oyster, Crassostrea gigas, spat observed since 2008 in France related to ostreid herpesvirus 1 (OsHV-1) infection (Segarra et al. 2010) can leave suspect the quality of the marine environment (Renault 2011 ) and a role of pesticides with a seasonal use and the arrival of fresh waters in the estuarine areas during spring (Burgeot et al. 2008) . In this context, the Pacific oyster appears as a species of interest to define the importance of the immune system as a target of pollutants in invertebrates and mainly molluscicides in bivalves. Although metaldehyde has been detected in surface waters and is known to be toxic for terrestrial and aquatic gastropods including snails (Dai et al. 2011) , its effects on marine bivalves including the Pacific oyster, C. gigas, have never been studied. Oysters as marine mollusc could be exposed after application in a cultural or a domestic area. Metaldehyde is mainly known for food poisoning in mammals. Dogs, cattle, horses and wild lagomorphs are the species most often poisoned by metaldehyde (Campbell 2008; Mills 2008; Bates et al. 2012; Tawde et al. 2012) .
Effects of metaldehyde on oyster hemocyte parameters were thus monitored through in vivo experiments based on a short-term exposure. Pacific oysters were incubated with metaldehyde for a 24-h period, and hemolymphs were collected from the adductor muscle sinus after contamination. Oysters belonging to two bi-parental families produced in the same conditions were used in the present study in order to explore relationship between genetics and pollutant susceptibility. In order to reveal potential effects of metaldehyde, hemocyte parameters including dead/alive cells, non-specific esterase activities, and phagocytosis were monitored by flow cytometry. The purpose of this work relied on providing answers at two questions: (1) can metaldehyde at an environmental concentration affect hemocyte viability and activities in the Pacific oyster after a short exposure? (2) could it be possible to show a relationship between susceptibility to the pollutant and oyster genetic diversity ?
Materials and methods

Pacific oysters
Within the framework of the European project Bivalife (FP7, 2011 (FP7, -2014 , bi-parental families of Pacific oysters, C. gigas, were produced at Ifremer's facilities (La Tremblade, Charente Maritime, France) in order to obtain biological material presenting contrasted susceptibility to different pathogens including OsHV-1. Two of the bi-parental families were selected on the basis of their susceptibility to the viral infection (OsHV-1) in experimental conditions. Family 32 presented moderate mortality rates (around 30 %) and family 29 presented high mortality rates (around 86 %) 5 days after experimental OsHV-1 infection. These families have been previously used to explore pesticide susceptibility of C. gigas hemocytes (Moreau et al. 2014) . For both families, animals were 11 month old at the time of experiments.
Metaldehyde
Metaldehyde was purchased from Supelco (Sigma-Aldrich). Solvent (methanol) was used as recommended by the manufacturer, and its concentration was less than 0.5 % in order to avoid disturbance of hemocyte parameters.
Experimental design
Assays were carried out to study the effects of metaldehyde in vivo on Pacific oysters belonging to families 32 and 29, following different hemocyte parameters by flow cytometry: cell size and complexity, hemocyte mortality, non-specific esterase activities and phagocytic activity. Concentrations tested (0.1 μg/L or 1×) corresponded to an average concentration reported in the aquatic environment.
Pacific oysters were incubated with metaldehyde during 24 h. The water containing the pollutant in absence of algae was removed from the tanks after a 24-h period incubation. After the 24-h contact with the pollutant, oysters were maintained in absence of metaldehyde for 48 h in order to collect samples at different time points. Oysters were fed with Chaetoceros gracialis (3×10 9 cells per tank). Water was changed at day 1 (24 h), day 2 (48 h) and day 3 (72 h). Temperature of seawater in tanks was maintained between 19.5 and 20°C during the experiment. Hemolymphs were collected at 24, 48 and 72 h. Four tanks were used in these experiments: two tanks with metaldehyde treatment and two tanks without metaldehyde treatment receiving the same quantity of solvent used for testing metaldehyde (the solvent was added in the water: negative controls). A pool of filtered hemolymphs was prepared for each tank from 5 oysters at each time of collection (24, 48 and 72 h). The experiment was repeated three times for both families.
Hemocyte collection
Pacific oyster hemolymph was withdrawn from the adductor muscle sinus, with the use of 1-ml syringe equipped with a needle (0.9×25 mm) after breaching the shell using pincer. Hemolymph samples were filtered on a 60-μm mesh to eliminate debris. Hemocytes were counted using a Malassez cell. Cells from five oysters per tank (two tanks with metaldehyde treatment and two tanks without metaldehyde treatment) were pooled in order to manage interindividual variations and to provide enough hemocytes to carry out experiments. Hemocytes were kept on ice until use to avoid cell aggregation.
Flow cytometry
Oyster hemocyte activities were monitored using flow cytometry (EPICS® XL flow cytometer, Beckman Coulter) and counting 5,000 events. Cell cytograms showed cell size (forward scatter (FSC) value) and cell complexity (side scatter (SSC) value) and the fluorescence channel(s) corresponding to the marker used. A gate was defined on the basis of FSC value in order to eliminate cell debris. To measure hemocyte mortality, 200 μL of hemolymph was incubated with 10 μL of propidium iodide for 30 min on ice in the dark (Gagnaire et al. 2003; Moreau et al. 2014) . Non-specific esterase activities were investigated in 200 μL of hemolymph after 30-min incubation in the dark at room temperature with 1 μL of FDA (fluorescein diacetate) (Gagnaire et al. 2003; Moreau et al. 2014) . Lastly, the phagocytic activity was followed in 200 μL of hemolymph supplemented with 10 μL of fluorescent beads 1 μm in diameter (ratio bead/hemocyte: 700/1) with a 2-h incubation in the dark at room temperature. Cell size and complexity were measured in 200 μL of hemolymph incubated for 30 min in the dark at room temperature without any treatment (Gagnaire et al. 2003; Moreau et al. 2014 ).
Statistical analysis
Results were expressed as percentage of labelled cells. Statistical analysis was performed using the Wilcoxon-Mann Whitney test by statistical software R, to compare two groups. The Kruskal-Wallis test was used to compare more than two groups. Significance was set at p≤0.05 (*) and at p≤0.01 (***).
Results
A preliminary experiment was carried out using two concentrations of metaldehyde (0.1 μg/L (1×) and 1 μg/L (10×)). Similar results were reported for both tested concentrations (data not shown). The lowest concentration was selected in the present study in order to represent the average concentration found in the environment (mainly surface water and groundwater).
For the family 32, significant differences were observed between negative controls and metaldehyde treatment for hemocyte mortality. Although no significant difference was reported between treatments at 24 h, at 48 h, cell mortality was significantly higher in presence of metaldehyde: 8.04±0.48 % for negative control and 10.87±0.34 % for metaldehyde treatment (Fig. 1c) . At 72 h, cell mortality was also higher in the presence of metaldehyde: 8.68±0.50 % for negative control and 11.23±0.65 % for metaldehyde treatment (Fig. 1c ). For other activities tested, no significant differences were observed between both conditions (Fig. 1a, b, d ). For this family, the presence of metaldehyde at environmental concentration significantly increased hemocyte mortality at 48 h (p<0.01) and 72 h (p<0.05) after an exposure of 24 h (Fig. 1c) .
Concerning the family 29, significant differences were observed between negative controls and metaldehyde treatment for hemocyte parameters. Although no significant differences in hemocyte mortality were observed for all sampling times (Fig. 2c) , differences were reported for cell size and complexity between negative controls and metaldehyde treatment, with a significant decrease of population 3 (interpreted as granulocytes) in the presence of metaldehyde at 24 and 48 h (Fig. 2a) . At 72 h, there was no more difference between both conditions. Regarding the non-specific esterase activities, a significant difference between negative controls and metaldehyde treatment was reported at 72 h, with a significant reduction of the population presenting an intermediate level of nonspecific esterase activities in the presence of metaldehyde (Fig. 2b) . Finally, a significant difference (p<0.01) was observed for the phagocytic activity between both conditions, with a decrease of the activity in the presence of metaldehyde at 24 h (Fig. 2d) . There was no difference at 48 and 72 h (Fig. 2d) .
Discussion
Metaldehyde at 0.1 μg/L which corresponds to an average concentration detected in the aquatic environment modulated hemocyte activities of Pacific oysters after an in vivo shortterm contact. Previous studies showed that hemocytes could have some level of resistance towards pesticides at high concentration in vitro (Gagnaire et al. 2003; Moreau et al. 2014 ). In the eastern oyster, Crassostrea virginica, reduced phagocytosis activity was observed after exposure to triforine (Alvarez and Friedl 1992) and to the insecticide Chlordan at 250 μM in vitro (Larson et al. 1989 ). Canty et al. (2007) reported a decrease in phagocytic index in the blue mussel, Mytilus edulis, after a short exposure to 0.1 mg/L azamethipos. Gagnaire et al. (2003) demonstrated also effects of pesticides on hemocytes of Pacific oysters for high concentrations. Moreover, metaldehyde at high concentrations showed no effects on C. gigas hemocytes in in vitro assays (Moreau et al. 2014) . At a concentration of 1 g/L, metaldehyde did not affect Pacific hemocytes maintained in vitro (Moreau et al. 2014) , whereas effects were reported in the present study at a concentration of 0.1 μg/L. To understand possible adverse effects of pollutants, it appears most suited to develop in vivo assays as such assays integrate physiological processes than to use in vitro assays.
Individuals belonging to two families showed different behaviours for some hemocyte activities after contamination by metaldehyde. The increase of hemocyte mortality at 48 h (p<0.01) and 72 h (p<0.05) for the family 32 suggested a direct role of metaldehyde killing hemocytes in this family. A direct toxicity of metaldehyde on cells was not observed for family 29. These observations suggested that metaldehyde could induce a decrease of the number of circulating immuno-competent cells in family 32 and could thus reduce immune defences through direct killing of hemocytes. It appears that Pacific oysters depending on their genetic diversity may present some differences in terms of susceptibility to metaldehyde as no increase of dead cells was reported for the family 29 in similar conditions. Concerning other hemocyte parameters (size and complexity, non-specific esterase activities and phagocytosis), metaldehyde demonstrated any effect on hemocytes of family 32. For family 29, metaldehyde had no direct effect on hemocyte mortality. However, other parameters were modulated by the presence of metaldehyde at 0.1 μg/L. The results suggested that metaldehyde could have inhibitory effects on non-specific esterase activities. About the size and complexity, at 24 h (p=0.01) and 48 h (p<0.05), a decrease of population 3 interpreted as granulocytes was observed in the presence of metaldehyde suggesting a negative effect on granulocytes after a short-term exposure. Granulocytes are cells that possess high phagocytic capacity and the decrease of this population could be related to the decrease in phagocytic activity (p<0.01) reported at 24 h. Metaldehyde treatment was thus associated with a decrease of phagocytic activity at 24 h, whereas there were no longer effects at 48 and 72 h, which suggested possible restoration of cellular functions either by acclimation and/or metabolization of metaldehyde. This type of transient effect face to stimulation in controlled conditions and recovery after some acclimatization time had already been observed in Lymnaea stagnalis for phagocytosis (Russo and Lagadic 2004) . Other molecules also have effects on phagocytosis. Cooper and Roch (2003) showed that Eisenia fetida phagocytosis was inhibited by carbaryl. In carp Cyprinus carpio, glyphosate has caused a decrease in phagocytic activity. Organochlorine pesticides such as DDT and lindane caused effects on the immune response in vertebrates by reducing phagocytosis, antibody production and increased susceptibility to diseases (Snieszko 1974; Dunier et al. 1991; Wong et al. 1992; Dunier and Siwicki 1993; Koner et al. 1998; Blakley et al. 1999) . Phagocytosis can also be modulated in bivalves by dieldrin and chlordane (Anderson 1981; Larson et al. 1989) . The effect of metaldehyde on phagocytic activity suggested that this molecule could act as an immunomodulator in the Pacific oysters rendering them more susceptible to infectious agents. Gagnaire et al. (2007) have demonstrated that the Pacific oysters were more susceptible to bacteria in the presence of pesticides. Oyster mortality was higher in pesticide-treated oysters compared to untreated ones after a bacterial challenge in experimental conditions. The expression of oyster genes was up-regulated in pesticide-treated oysters compared to untreated ones after the bacterial challenge (Gagnaire et al. 2007) .
Results from the present study suggest that the genetic variability of animals needs to be taken into account when it is desired to test the effects of metaldehyde. Susceptibility to pollutants in the Pacific oyster and/or other bivalve species can be different, and this could be explained by genetic variability that can exist within the same species. For example, a study showed there is variation in susceptibility to metaflumizone among 29 field populations of Plutella xylostella collected from 14 geographical locations in China (Khakame et al. 2013) . Another study reported a comparison of two preadult groups of Parascaris equorum presenting different susceptibility to ivermectin and revealed difference in terms of SNP detection and gene expression between groups of worms in the presence of ivermectin (IVM). These results indicate that putatively resistance-associated SNPs in (Koutros et al. 2013) . This study suggests known genetic susceptibility loci may modify the risk between pesticide use and prostate cancer (Koutros et al. 2013) .
The results of the present study showed that it is essential to take an interest in the effects of metaldehyde on a wide variety of non-target aquatic organisms including those that have a significant economic impact. Experiments are continuing to investigate the effects of mixed pesticides (including metaldehyde) found in the environment on OsHV-1 experimental infection by following hemocyte parameters by flow cytometry and expression of immune-related genes in the Pacific oysters by real-time PCR. Luna-Acosta et al. (2012) showed an effect on the expression of immune-related genes of Pacific oysters in the presence of diuron alone or mixed to other pesticides. The presence of pesticides could have a negative effect on the immune system of Pacific oysters decreasing immune capabilities, and a possible increase in susceptibility towards various infectious agents, including OsHV-1, could be observed. Further studies are needed in order to define interactions between Pacific oysters, OsHV-1 and the pesticides most frequently detected in the environment. It is also conceivable that the pesticides act directly on the virus itself. This may bring some answers about the complex relationships that may exist between environmental conditions and massive mortality outbreak of Pacific oysters.
